Fiber-metal laminates (FMLs) possess huge potential in mass-reduction strategy of automotive industry. In order to understand behavior of FMLs as they undergo stamp forming processes, finite element analyses of surface strain evolutions have been carried out. The simulations provide strains at locations within the layers of an FML, allowing better understanding of forming behavior of the composite layer and its influence on the metal layers. Finite element analyses were conducted on two aluminum-based FMLs with different fiber-reinforced composites and benchmarked against monolithic aluminum alloy. The simulation results indicated that high stiffness of the reinforcement constrains flow of the matrix in the composite layer, which can be attributed to the distinguishing behavior of the FMLs compared to the monolithic aluminum alloy.
Introduction
Continuous increases in fuel price and stricter environmental regulations have brought new priorities for automotive industries. By substituting steel components with lightweight material parts, there is a huge potential to cut down the weight of the vehicle, thus reducing the consumption of fuel and emission of exhaust fumes.
Fiber metal laminates (FMLs) is among the most innovative lightweight materials, which was designed to merge the formability of metal and advanced properties of composite materials into one material system. FMLs are created by bonding composite laminate plies to metal sheets. The first FML was introduced in 1978 [1] , which possessed high strength and stiffness-to-weight ratio [2] , excellent fatigue properties [3] and corrosion resistance [4] . However, the thermoset polymer based FML parts are made by lay-up process, which does not meet the demand of high-volume productions such as that of the automotive industry. Hence, to promote the use of FMLs in automotive applications, expansion in knowledge about forming performances of FMLs under the stamp forming process is required.
Laboratory experiments on the forming of FMLs have been conducted in varying testing contexts. Channel sections were first stamped, confirmed that FMLs have potential for superior formability characteristics to monolithic aluminum, such as lower strain, less shape error and delamination [5] - [7] . Further studies were conducted on dome forming, found out that various combination of forming rate, process temperature, blank holder force and constituent material properties have significant effect on the forming performance of FMLs. By selecting optimum combination, FMLs could exhibit forming characteristics that are comparable to metals.
[8]- [10] . Experimental analysis has limitations. For example, the strain distribution in areas of no visibility cannot be measured. To overcome such drawbacks, finite element modeling was implemented [11] - [13] . However, since these models did not simulate the exact plies-bonding structure of FML system, they were unable to explain the interaction of constituent and adhesive layers of FMLs forming process. To get a better insight of the forming behavior, this paper investigated the evolution of surface strains of each layer of FMLs, and benchmarked the results with the forming mode of monolithic aluminum.
Modeling

Finite Element Analysis Setup
A round-bottom cylindrical cup test was modeled using finite element analysis. The FML models were composed of three circular layers which have uniform initial diameter of 180 mm before the stamping process. The top and bottom aluminum layers are 0.5 mm in thickness, while the composite core layer has a thickness of 1 mm.
The model used in this research utilized a fully integrated version of quadrilateral shell element, in conjunction with full projection of warping stiffness (Element Type 16 and Hourglass 8 in LS-DYNA). This combination is optimized for stability and accuracy of the numerical result [14] , as well as enhancing the in-plane bending behavior [15] .
Material Properties of Constituent Layers
Two types of fiber-reinforced thermoplastics, Curv ® and Twintex ® , were modeled as the core layer, whose mechanical properties are listed in Table 1 . Curv ® is a self-reinforced polypropylene that has a plain woven structure of polypropylene fiber bundled and a polypropylene matrix. Twintex ® is a fiber-reinforced polypropylene with a balanced 2/2 twill weave of glass fibers. These two fiber-reinforced materials exhibit apparent differences when they are deformed, as depicted in Figure 1 [16] . Curv ® shows good ductility and high strain value at failure, whereas Twintex ® is stiffer and fails at a lower strain value. The constitutive equations for Curv ® and Twintex ® [14] are used to develop a user-defined material subroutine employed in the model. 
Modeling Result
Three points of interest on the blank were investigated, as shown in Figure 2 ; 1) Point A at the pole of dome, 2) Point B, 40 mm from the pole along the fiber-direction, and 3) Point C, 40 mm along 45˚ direction to the fiber orientation from the pole.
Strain Paths at Point A-The Pole
Throughout the stamping process, forming modes at the pole in both Curv ® -FMLs and Twintex ® -FMLs are identical. As shown in Figure 3 (a) and Figure 3(b) , paths of strains in top, core and bottom layers coincide with that of a monolithic aluminum alloy. It is indicated that the pole in either aluminum or fiber-reinforced layer is subjected to biaxial stretching. The presence of the fiber-reinforced layer has little effect on the forming mode. Nevertheless, the magnitude of major strain within Curv ® /Twintex ® is higher than that of aluminum alloy, which can be attributed to the lower tensile modulus of the fiber-reinforced polypropylene compared to aluminum alloy.
Strains Path at Point B-Side-Wall along Fiber Direction
Points on side-walls of FMLs along the fiber direction are more affected by the fiber-reinforced layer than at the pole. For Curv ® -FMLs, as depicted in Figure 4 (a), strain path of the Curv ® layer is that of uniaxial tension. This is due to the strong constraint of fiber along tangential direction preventing the material from flowing smoothly. The forming mode of Curv ® layer drove the bottom layer to deviate from the path of drawing towards uniaxial tension. For Twintex ® -FMLs, as illustrated in Figure 4(b) , the Twintex ® and the bottom layer follow a strain pattern of biaxial stretch, while the top layer remains in drawing mode, same as the monolithic aluminum sheet. Twintex ® has crucial influence on the bottom layer, though the top layer is almost unaffected. Regarding magnitude of strains, major strains in Curv ® -FMLs are close to that of monolithic aluminum alloys, while those of Twintex ® -FMLs are slightly lower.
Strains Path at Point C-Side Wall along 45˚ to Fiber Direction
Strain paths of Point C in Curv ® -FMLs and Twintex ® -FMLs are shown in Figure 5 . For Curv ® -FMLs, top layer is hardly affected by the Curv ® layer, while the bottom layer is transformed to the uniaxial tension region, almost identical to the strain path of Curv ® . For Twintex ® -FMLs, the strain pattern of top layer was more affected by the Twintex ® layer compared to the bottom layer. The forming mode of Twintex ® is plane strain, indicating difficulties for the material to flow along the tangential direction. ε x , ε y and ε xy at point C of both FMLs are significantly different from their counterparts in monolithic aluminum, while these strains at point B share the same trend with that in monolithic aluminum alloy. The comparisons are illustrated in Figure 6 and Figure 7 . At Point B, ε x and ε y are approximately same in value but possess different signs, while the magnitude of ε xy is negligible. This indicates a typical drawing mode at side wall, the resultant of 1) tensile strains in radial direction and 2) compression in tangential direction within the aluminum layer.
At Point C, in contrast, magnitude of ε xy is predominant compared to those of ε x and ε y . This strongly implies that shearing in the fiber-reinforced layer plays an important role in the drawing mode in FMLs at point C. This phenomenon could be explained by the existence of trellis shearing that suppresses the effect of tangential and radical tensile strain in aluminum and promotes the material flow in 45˚ direction, which helps to decrease magnitude of the major strain in Curv ® -FMLs. 
Conclusions
This work involved simulations of stamping process on fiber-metal laminates by using finite element modeling. Two FMLs with different core composite layer, Curv ® and Twintex ® were investigated. It focused on the strain evolutions during the forming process in each layer of the FMLs, which gave innovative information compared to previous works. Based on comparisons of strain paths at points of interest in FMLs and monolithic aluminum, their different forming behaviors were unveiled. Two basic modes of deformation underwent by sheet metal forming, drawing and stretching, were also found in all layers of FMLs during the stamp forming.
Around the pole area, forming modes in all three layers highly coincide with that of the monolithic aluminum, while on the side-wall, strain path could deviate from that of aluminum sheet, depending on the material properties of the core layer.
The properties of core composite layers projected strong influences on the forming behavior of the FMLs. The composite with good ductility, such as Curv ® , was prone to yielding to the forming mode of the metal layers, while for a stiffer composite, such as Twintex ® , its influence was such that the forming mode of the whole blank deviated from that of monolithic aluminum alloy. This indicates that the forming performance of FMLs can be optimized by carefully selecting the core material with certain properties.
